Objective: Despite the use of thoracic epidural analgesia, a constant severe ache occurs in the ipsilateral shoulder of almost 75% of patients after thoracotomy. The aim of this prospective-randomized study was to investigate the effect of phrenic nerve infiltration (PNI) compared with suprascapular nerve block (SNB) on ipsilateral shoulder pain after thoracic surgery. Methods: After Local Research Ethics Committee approval, written informed consent was obtained from 90 adult patients undergoing thoracotomy for pulmonary resection. Patients were excluded if they had preexisting shoulder pain, were unable to understand the visual analog scale (VAS) scoring system or due to failure of epidural analgesia. The phrenic group (PNI) received 10 ml of 2% lidocaine infiltrated into the periphrenic fat pad, 1-2 cm close to the diaphragm, just before chest closure. The suprascapular group (SNB) received 10 ml of 0.5% plain bupivacaine injected into the suprascapular fossa once the surgery was finished. A blinded observer to the study group assessed the patient's shoulder and thoracotomy pain, using the VAS score and a five-point observer verbal rating score (OVRS), at 0.5, 1, 2, 3, 4, 5, 6, 12, 48, and 72 h after surgery and at discharge. The time and dose of any administered analgesic medication were recorded. Results: Finally, 74 patients were included (37 per group). Sixteen patients were excluded (unable to understand scoring system, failure of the epidural technique, and lost data). There were no significant differences in age, gender, body mass index, type/ duration of operation, and pain scores at rest, between the two groups. Shoulder pain intensity was significantly lower in the PNI group compared with the SNB group (median value of VAS area under the curve for the PNI group: 8.1 (0-70.9) cm vs 114.3 (43.8-193.8) cm for the SNB group; p < 0.001). There were no significant differences between the two groups according to postoperative thoracotomy pain. Conclusions: Phrenic nerve block with 2% lidocaine should be performed in all patients undergoing a major thoracic surgery procedure. These results strongly support the hypothesis that irritation of the pericardium and/or mediastinal-diaphragmatic pleural surfaces results in pain that is referred to the shoulder via the phrenic nerve. #
Introduction
The current standard of postoperative analgesia for patients undergoing a major pulmonary resection is based on thoracic peridural analgesia or paravertebral nerve block [1, 2] ; with these techniques, excellent post-thoracotomy pain relief in the incise dermatomes is achieved, but there is still a high portion of patients (as high as 75% in some series) [3] , who experience ipsilateral shoulder pain (ISP) after thoracotomy. Shoulder pain is often difficult to manage, as it is relatively resistant to intravenous opioids and increased epidural infusion rates [4] .
Despite this high incidence, ISP etiology is not well established and several theories have been considered; the first hypothesis was postulated by Burgess et al. [3] relating ISP appearance with the transaction of the main bronchus but they were not able to explain the causal mechanism. Afterward, several theories have been announced: Mark and Brodsky [5] considered that shoulder position and mechanical traction over thoracic muscular and skeletal structures were responsible for its appearance; in 2001, Scawn et al. [4] and, in 2002, Tan et al. [6] concluded that the most likely explanation for post-thoracotomy ISP is that irritation of the pericardium or mediastinal and diaphrag-matic pleural surfaces results in pain transferred to the ipsilateral shoulder via the phrenic nerve.
Some clinical trials have evaluated potential techniques to avoid or minimize the appearance of shoulder pain, which have included suprascapular nerve block (SNB) [6, 7] , interscalene brachial plexus block [8] , intrapleural instillation with local anesthetics (bupivacaine) [9] , and periphrenic-fat-pad infiltration with local anesthetics (lidocaine [4] or ropivacaine [10] ). Apart from the work of Saha et al. [7] that points out the possible utility of SNB with bupivacaine for some selected cases of post-thoracotomy ISP, only those using periphrenic-fat-pad infiltration with local anesthetic showed a significant reduction of post-thoracotomy ISP. This fact, keeping with Mackenzie's convergence-facilitation [11] and Ruch's convergence-projection [12] theories, supports the theory that suprascapular nerve could represent the somatic afferent component of referred pain emanating from the pericardium or mediastinal and diaphragmatic pleural surfaces via the phrenic nerve.
After an extensive search throughout the international literature, we have not found previous literature that compares two different anesthetic techniques to minimize the incidence and severity of ISP. We therefore conducted this prospective, randomized, double-blind study to examine the hypothesis that periphrenic-fat-pad infiltration with lidocaine would reduce the incidence and severity of ISP after thoracotomy compared with SNB with bupivacaine.
Patients and methods
This prospective double-blind study was conducted jointly by the General Thoracic Surgery and the Anesthesiology Services of a university tertiary referral center. The sample included 90 patients, who underwent elective thoracotomy for major lung-resection surgery from November 2008 to July 2009. Data were collected prospectively during hospitalization and stored in a local database. Informed consent was obtained from all patients and local Research Ethics Committee approval was obtained (DHIPT1 protocol).
Patients with preexisting shoulder pain (cataloged as 'moderate' or 'greater' according to the observer verbal rating score (OVRS)], known diaphragmatic motion abnormalities, allergies to current local anesthetics, known neuromuscular diseases, contraindication or failure of thoracic epidural analgesia, inability to understand the visual analog scale (VAS) scoring system, associated chest wall/vertebral resection or re-intervention during the postoperative period were excluded.
Surgical technique
Surgery was performed according to standard thoracic surgery protocols [13, 14] . All procedures were performed through a 5th intercostal space posterior or posterolateral thoracotomy, but the use of muscle-sparing techniques was left to surgeon criteria. Bronchial stump closure was performed using the hand-suture technique, and bronchial stump coverage with autologous tissue was performed in all cases. After completion of the appropriate pulmonary resection, all patients had one or two 19Fr (Blake  TM and   Ethicon  TM ) , 28Fr, or 36Fr chest tubes (Argyle TM Straight Thoracic Catheter) placed. Patients, who underwent pneumonectomy, had only one tube placed; in the rest of cases, the number of chest tubes placed was left to the operating surgeon criteria. Thoracotomy was closed in the standard fashion using two pericostal sutures (Vicryl TM 2 and Ethicon TM ) placed around the 5th and 6th ribs. The stitch under the 6th rib was placed in a subperiosteal plane taking care to avoid trapping the intercostal vessels and nerve.
Anesthetic technique and analgesia
Before surgery, standard premedication was given. A 20-G epidural catheter was placed at the T5-T6 or T6-T7 interspace using the midline approach and a saline loss of resistance technique through an 18-G Tuohy epidural needle. Epidural block was tested with lidocaine 2% to confirm that the catheter was not in the intradural space. Pinprink test before induction of anesthesia assessed the correct epidural analgesia. Standard general anesthesia was induced with propofol, remifentanyl and vecuronium. Afterward, a double-lumen endobronchial tube or a bronchial blocker was placed to start selective lung ventilation at the proper moment. Patients were then placed in the lateral decubitus position, with the upper arm flexed 908 to avoid distraction of the shoulder joint.
General anesthesia was maintained with desflurane and a continuous infusion of remifentanyl. Further boluses of vecuronium (1 mg I.V.) were given, if required, to maintain adequate relaxation. Thirty minutes before the completion of surgery, remifentanyl infusion was reduced and a bolus of bupivacaine 0.25% was administered through the epidural catheter. Remifentanyl was discontinued at the end of surgery. After the last skin suture, the residual neuromuscular block was antagonized (neostigmine 2 mg and atropine 1 mg I.V.). Extubation was performed when the patient was judged to be awake (making purposeful movements), breathing regularly, and with adequate oxygenation (SpO 2 ! 92% breathing room air). The patient was then transferred to the intensive care unit (ICU) for 24 h. The duration of the anesthetic procedure and intra-operative remifentanyl consumption were also recorded.
While the surgeon was closing the chest, a patientcontrolled epidural analgesia (PCA) infusion of bupivacaine 1.25 mg ml À1 and fentanyl 3 mg ml À1 (baseline infusion: 5 ml h À1 plus bolus doses of 0.5 ml; lockout period: 20 min, restricted total doses of 6.5 ml h À1 ) was started and a bolus of dexketoprophen (50 mg I.V.) was administered.
The first 72-h postoperative analgesia regimen consisted of: PCA infusion previously described + dexketoprophen 50 mg I.V. every 8 h. Rescue analgesia with 5 ml of 0.25% bupivacaine through the epidural catheter (in case of thoracotomy pain) or metamizol 2 g I.V. (in case of ISP) was also available to maintain acceptable pain relief (VAS < 4).
After the first 72-h period, PCA and dexketoprophen were stopped and a regimen of metamizol and paracetamol associated with subcutaneous morphine was started. All patients were discharged with oral analgesia (metamizol plus paracetamol).
Using a 10-cm VAS, where zero represented no pain and 10 the worst imaginable pain score (0-10), and a five-point (no pain, slight pain, moderate pain, intense pain, intolerable pain) OVRS, a blinded observer to the study group assessed the patient's ipsilateral shoulder and thoracotomy pain at 0.5, 1, 2, 3, 4, 5, 6, 12, 48, and 72 h after surgery and at discharge. The time, dose, and reason for any administered rescue analgesia were recorded.
Nerve block techniques
At the end of lung resection, patients were randomly allocated (computer-generated sequence of random numbers) to receive infiltration of the ipsilateral phrenic nerve with 10 ml of 2% lidocaine or ipsilateral SNB with 10 ml of 0.5% plain bupivacaine.
The phrenic nerve infiltration (PNI) was performed by the operating surgeon using a 20-G spinal needle inserted into the periphrenic fat pad, 1 or 2 cm proximal to the diaphragm. This fat pad is a reproducible site for infiltration, acting as a reservoir for the local anesthetic and reducing the risk of intraneural injection and nerve damage [4] . The phrenic nerve block was performed just before lung expansion and chest closure.
SNB was performed by the anesthesiologist just after chest closure using 10 ml of 0.5% plain bupivacaine injected into the suprascapular fossa. The method of the injection has been described by Dangoisse et al. [15] . Anatomical landmarks were used to identify the injection site. Patients were in decubitus lateral position, and a line was drawn along the length of the spine of the scapula. This was bisected with a vertical line drawn from the angle of the scapula, dividing the scapula into quadrants. After skin preparation, a 21-G 40-mm needle was introduced through the skin 2.5 cm along the line of the spine in the upper-outer quadrant. The needle was directed over the spine in the plane of the scapula and advanced to the hub of the needle or until contact was made with the floor of the suprascapular fossa. After attempted aspiration, the agent was slowly injected to fill the fascial contents of this fossa to produce an indirect SNMB.
Statistical analyses
The null hypothesis under test was that the employed technique should not influence the incidence and/or severity of ISP after thoracotomy.
To calculate the required sample size, we considered the results in the preexisting literature about this issue. The reported incidence of ISP in patients receiving SNB was around 75% [6] and the incidence of ISP after periphrenic-fatpad infiltration with local anesthetic was approximately 30% [4] . The required sample size was calculated accepting a 15% of lost patients, a two-tailed a-error of 5%, and a b-error of 20%, for a final power of 80% [16] . Based on these assumptions, a minimum of 28 patients per group were required.
Descriptive statistical evaluation was carried out for all variables. Quantitative variables were expressed using central tendency measures (mean AE standard deviation or median and 25th/75th percentiles) as appropriate. Because of the use of serial measurements in the study, we decided to use area under the curve (AUC) as a summary measure of the different temporary measurements in every subject of study [17] . Continuous variables analysis was performed using Student's t-test or the Mann-Whitney U test in case of nonnormality of data.
Intragroup variability was evaluated analyzing the variance for repeated measures of ranked data (Friedman's analysis). Post hoc comparisons were performed using Wilcoxon's test with Bonferroni correction. Categorical variables were analyzed using contingency table analysis with chi-square test (x 2 test) or Fischer's exact test. A p-value 0.05 was accepted to be statistically significant.
Statistical analyses were conducted using Statistical Package for Social Sciences (SPSS) software version 15.0 (SPSS Inc, Chicago, IL, USA).
Results
Despite the fact that the sample required was only 56 patients, 90 patients were initially included in the study and 74 were included in the final sample (37 in each group). Due to different reasons, 16 patients were excluded (inadequate dermatomal block with thoracic epidural analgesia (five patients), inability to understand VAS scale (three patients), or lost data (eight patients)).
There were no significant differences between the study groups regarding age, sex, body mass index (BMI), surgical approach, type of surgical procedure, number and caliber of chest drains used, operative time, and length of hospital stay. (Statistical tests used: unpaired t-test, U-Mann-Whitney and chi-square test, as appropriate) ( Table 1) .
The incidence and temporary evolution of the ISP according to the nerve block technique is shown in Table 2 . Regarding the whole sample, ISP occurred in 63% of all patients at 1 h post-surgery (maximum incidence time check point) and the incidence decreased to 16% of all patients 72 h after surgery. At discharge, 89% of all patients referred no pain. Table 3 reflects that severity of ISP presented no significant differences related to gender, age, or BMI. Regarding intra-operative variables, we observed that those patients undergoing longer surgeries (!147 min) had a nonstatistically significant tendency to present more ISP. This tendency is in accordance with the fact that major resections and/or those with transection of the main bronchus (pneumonectomies and sleeve lobectomies) also presented a nonstatistically significant tendency to refer more ISP. According to the number of chest drainages used (one vs two), we have not found significant differences between the groups, but there is a tendency toward more post-thoracotomy ISP in the two chest drain group. (Statistical tests used: unpaired t-test, U-Mann-Whitney and chi-square test as appropriate). The only factor that showed a statistically significant relationship with the intensity of ISP was the type of nerve block performed (median value of VAS AUC curve for the PNI group: 8.1 (0-70.9) cm vs 114.3 (43. 8-193.8 ) cm for the SNB group; p < 0.001 (U-Mann-Whitney test)) (Fig. 1) . Fig. 2 shows the severity of ISP according to nerve block technique. The PNI group clearly presents less postthoracotomy ISP than the SNB group (statistically significant differences in all temporary check points except in the 12th-h post-surgery check point (U-Mann-Whitney test)).
By contrast, nerve block technique has no effect over thoracotomy pain as reflected in Fig. 3 . Differences between groups were not significant ( p > 0.05 with U-Mann-Whitney test) in all temporary checkpoints. This lack of differences regarding thoracotomy pain, according to the nerve block group, was confirmed when comparing the thoracotomy pain intensity summarized as VAS AUC for each arm of treatment (U-Mann-Whitney test; p = 0.26).
Rescue analgesia requirements with 5 ml of 0.25% bupivacaine through the epidural catheter (in case of [ ( ) T D $ F I G ] thoracotomy pain) were higher in the SNB group compared with the PNI group (difference not reaching statistical significance), but rescue analgesia requirements with metamizol 2 g I.V. (in case of ISP) were significantly higher in the SNB group (chi-square test; p = 0.024). Finally, we have detected significant differences regarding intragroup variability in both nerve block groups taking as baseline pre-surgery VAS determination. In case of the PNI group, these differences were statistically significant during the two first hours (Friedman's test with Wilcoxon's test with Bonferroni correction for post hoc comparisons). Contrary to this, in the SNB group, the differences were statistically significant during the first 48 postoperative hours.
Discussion
One of the main objectives in modern thoracic surgery is to minimize postoperative pain. Currently, multimodal balanced analgesia based on thoracic epidural analgesia using local anesthetics provides excellent post-thoracotomy pain control, and is superior to other techniques in reducing post-thoracotomy morbidity and mortality [1, 18] . Unfortunately, post-thoracotomy ISP has not received as much attention and is still a highly prevalent problem in thoracic surgery, with reported incidences that vary from 75% [3] to 85% [4] . Our results confirm that post-thoracotomy ISP has a high incidence (up to 62.5% of patients refer some degree of ISP 1 h post-surgery) but, as previously reported by Scawn et al. [4] , and shown in Table 3 and Fig. 1 , the PNI technique clearly reduces the incidence of post-thoracotomy ISP compared with SNB. In contrast with our previous experience (Post-thoracotomy ipsilateral shoulder pain. Observational study. Esther Martínez-Mateu Anesthesiology Department, University Hospital Germans Trias i Pujol (Work not published)) where only 10% of patients presented ISP after the first 24 postoperative hours, in this study, more than 35% of the patients present some degree of post-thoracotomy ISP [ ( ) T D $ F I G ] Fig. 3 . Severity of thoracotomy pain according to nerve block technique. Legend: gray bars: phrenic nerve block; white bars: suprascapular nerve block. There are no significant differences in any temporary check point (U-Mann-Whitney test). 24 h after surgery. We have no explanation for this change in temporary behavior, and further studies should be undertaken.
In international literature, several factors have been related with the appearance of post-thoracotomy ISP; one of them was transaction of main bronchus [3] ; our results do not support this theory and there are, also, no significant differences between major and sublobar resections according to the severity of post-thoracotomy ISP. Among all the evaluated demographic and intra-operative variables that have not shown statistical or clinical relationship with postthoracotomy ISP severity (age, gender, BMI, type of surgery, or thoracotomy), we would like to highlight the fact that those patients with two chest drains left at the end of surgery presented a constant, but not significant, tendency to experience more ISP than those with only one chest drain left (data not shown). Interestingly, this difference almost disappears after 48 h of postoperative period, that is, the time when we usually remove one chest drain in these patients. Even though this is not a statistically significant relationship, it supports the theory that post-thoracotomy ISP is related with irritation of the pericardium and mediastinal and diaphragmatic pleural surfaces [4, 6, 9] .
The main objective of this study was to assess which nerve block technique was better to minimize post-thoracotomy ISP and, to the best of our knowledge, this is the first doubleblind study that compares two different anesthetic techniques with this purpose. Our results clearly reflect that ipsilateral periphrenic-fat-pad infiltration with 10 ml of 2% lidocaine is superior to block of the ipsilateral suprascapular nerve with 10 ml of 0.5% plain bupivacaine to reduce the incidence and severity of post-thoracotomy ISP. These results support the theory that irritation of the pericardium, and mediastinal and diaphragmatic pleural surfaces results in pain that is transferred to the shoulder via the phrenic nerve [4, 6] .
In accordance with other authors [4] , we have not found differences in the number of analgesic rescues (5 ml of 0.25% bupivacaine through the epidural catheter) needed for thoracotomy pain according to the nerve block group. This information reinforces the fact that the nerve block technique has little or no effect on thoracotomy pain. By contrast, we observed a significant reduction in the number of analgesic rescues for ISP (metamizol 2 g I.V.) needed in the PNI group compared with the SNB group. This fact reinforces the idea that PNI is superior to SNB to prevent and control ipsilateral post-thoracotomy pain.
We would like to point out a possible limitation of the study: the use of two different local anesthetics (lidocaine and bupivacaine) to compare two different nerve block techniques. This decision is based on the biological and pharmacokinetic characteristics of these local anesthetics. Lidocaine is an amino amide-type local anesthetic with an elimination half-life of approximately 2 h and a low risk (at used dosage) to produce systemic reactions in case of intravascular injection. These characteristics were ideal to perform a block in a highly vascularized area (periphrenic fat pad) where the limitation of a short half-life could be overcome using the periphrenic fat pad as a reservoir that slowly delivers lidocaine, extending its effect in time. On the other hand, to perform the SNB, we needed a powerful, long half-life anesthetic that could compensate the possible lack of the block's precision that results from performing the SNB without using electromyography (EMG) or ultrasound guidance that are more effective than blind injection into the suprascapular fossa [19, 20] . Bupivacaine fulfilled all these conditions because it is four times more powerful than lidocaine and its half-life is around 6 h. Probably, the best option to exclude this potential bias would have been to use ropivacaine in both groups; unfortunately, this anesthetic is not available, at the moment, at our institution, and despite the fact that it has been used for PNI without incidence by other groups [10] , it has also shown arrhythmogenic potential [21] . This fact precludes, in our point of view, its use as an anesthetic for periphrenic-fat-pad infiltration by a nonexperienced team until more studies evidence its security.
Another issue to take into account when using local anesthetics for post-thoracotomy ISP control is the possibility that PNI may adversely affect ventilation. Because of our concern, we used lidocaine, a short-acting local anesthetic that has been shown previously (Scawn et al. [4] ) to be safe in a clinical setting. In our experience, lidocaine has turned out to be a safe option for PNI with no clinically relevant ventilation disturbances (increased dyspnea and/or hemidiaphragm elevation in postoperative X-ray) or other adverse effects related to its use. Further studies are warranted to determine possible subclinical effects that could have been underestimated in this clinical trial.
It is of note that some patients in the PNI group experienced some degree of shoulder pain. There are some feasible explanations for this. First, the phrenic block may have been too low to fully block the higher branches of the intrathoracic phrenic nerve. Second, the PNI employed technique requires some degree of periphrenic fat pad to act as a reservoir, which may be insubstantial in some patients.
As expected, there were no differences between study groups regarding thoracotomy pain. This fact emphasizes the reality that nerve block techniques should be considered as part of a multimodal analgesic treatment and, should never be used to treat thoracotomy pain by themselves alone.
In conclusion, ISP after thoracotomy is common and may be severe. The most likely explanation is that irritation of the pericardium, and mediastinal and diaphragmatic pleural surfaces result in pain transferred to the shoulder via the phrenic nerve. Infiltration of the phrenic nerve at the level of the diaphragm significantly reduces the incidence of shoulder pain compared to SNB. The combination of epidural and ipsilateral phrenic nerve blocks therefore approaches the ideal goal of pain-free thoracotomy, and PNI should be performed in all patients undergoing thoracotomy for major lung resection surgery.
Further studies are required to discover what clinical, surgical, or morphological reasons could explain the absence of response of some patients to PNI with local anesthetic, and to find out if other local anesthetics (such as ropivacaine) or different concentrations of lidocaine could be more useful in minimizing the incidence and severity of post-thoracotomy ISP after phrenic-fat-pad infiltration.
